Abstract: Investigation of star-shaped polystyrenes using gradient chromatography shows a retention that only depends on the total molecular weight and not on the number or molecular weight of the arms. In contrast, size-exclusion chromatography (SEC) separates according to hydrodynamic volume. For a mixture of a star polymers having an arm molecular weight of 4800 and a linear polystyrene a direct 2-dimensional separation using gradient chromatography as a first dimension and SEC as a second dimension resulted in a clear separation of the different topologies. Star polymers of higher arm molecular weight could not be separated from their linear analogues by direct coupling of gradient chromatography and SEC.
Introduction
Branched polymers have attracted attention from both a scientific and a commercial point of view. The introduction of branching results in a reduction of the melt viscosity, thus, in an improved processability without loss in mechanical properties. Branching leads to a contraction of the size of the molecules relative to that of the linear analogues of same molecular weight. Zimm and Stockmayer have first theoretically calculated the effect of branching on the mean-square radius of gyration in 1949 [1] . The difficulties arising from the determination of mean-square radii by light scattering frequently led to the use of intrinsic viscosity data, which can be obtained more easily. Even more than fifty years later, branching analysis is still done on the basis of the Zimm-Stockmayer theory.
A major drawback of the Zimm-Stockmayer approach is that it requires the determination and comparison of the radii of gyration or intrinsic viscosities of branched and linear polymers having the same molecular weight. For synthetic polymers, however, we have to take into account their polydispersity. Studies on the contraction factors, therefore, have been performed mostly on polymers prepared by living polymerization techniques. As an alternative, tedious fractionation procedures were used to obtain polymers with a narrow molecular weight distribution. Such procedures can be used for the synthesis of model polymers, but are not applicable for the characterization of branched polymers in industries.
In recent years molecular weight sensitive SEC detectors have become popular [2] [3] [4] [5] [6] [7] [8] . On-line light scattering detectors allow for the determination of molecular weight and radius of gyration for samples that have been fractionated by SEC into nearly mono-disperse slices. Viscosity detectors allow the determination of the intrinsic viscosity of the eluting fraction and -via universal calibration [9] -the determination of its molecular weight. Beside the weight of the eluting species both methods yield the size information of the branched molecule required for the determination of the contraction factors g = R g,b 2 /R g,l 2 and g' = R H,b /R H,l , where R g and R H represent the radius of gyration and the hydrodynamic radius, respectively, while indices b and l refer to branched and linear species. SEC with on-line molecular weight sensitive detection is assumed to be the method of choice for the characterization of branched polymers. For mixtures of linear and branched polymers such detectors do not really solve the problem of scattering experiments on polydisperse fractions. SEC separates by hydrodynamic volume and, therefore, molecules having different structure and molecular weight will coelute when higher molecular weight branched species have the same hydrodynamic size as linear molecules. In such cases the results obtained for molecular weight, radius of gyration or intrinsic viscosity for a SEC slice have to be interpreted as average values [10] [11] [12] . For small amounts of branched species in a mixture with linear ones the observed reduction in size might be too low to be determined experimentally. Therefore it seems to be necessary to first effectively separate linear and branched structures before using highly sophisticated detector systems.
The separation of complex polymers can be done by different chromatographic techniques [13] [14] [15] , with SEC being to most popular one. SEC is performed in strong eluents so that no enthalpic interactions occur between the stationary phase and the solute molecules. Under these conditions the elution volume is determined by the hydrodynamic radius of the molecules, i.e., larger molecules elute before smaller ones. When choosing a solvent that allows for additional attractive interactions between the macromolecules and the stationary phase, the adsorption mode of polymer chromatography (LAC) results. In LAC the retention volume increases with increasing molar mass. The strong increase in elution volume with increasing molecular weight rapidly results in irreversible adsorption of the polymer molecules onto the stationary phase. As a consequence, limited recovery of the solute is observed even for polymers having a molecular weight distribution of rather low polydispersity. Therefore, gradient chromatography is often used for polymers [16] . Beside solvent gradients, temperature gradients have also been shown to be useful for high resolution applications [17] [18] [19] [20] [21] . A third mode of polymer chromatography can be established by selecting an eluent of such a strength that size exclusion effects and adsorbing effects exactly balance each other. Under these conditions, the socalled critical conditions of adsorption (LCCC), a molecular weight independent elution of the macromolecules is observed [13, 14] . Since the elution volume is not influenced by the monomer units present, it is possible to separate polymer molecules with respect to small differences in their structure, e.g., according to the type and number of end groups.
An extremely powerful tool for the determination of multiple distributions is 2-dimensional chromatography (2D chromatography). In 2D chromatography a first separation is performed according to one parameter, e.g., chemical composition, and the separated fractions are subjected to a second chromatographic separation, e.g., according to molecular weight [22] [23] [24] [25] . This procedure has been used for the determination of the combined functionality type (FTD) and molecular weight distribution (MWD) or the joint distribution of chemical composition (CCD) and molecular weight, which usually cannot be separated by one chromatographic mode alone. To our knowledge 2D chromatography has not yet been applied to the separation of polymers of different topology. Therefore, it was the objective of the present work to investigate the potential of 2D chromatography for the separation of molecules that differ in topology and molecular weight. We have selected mixtures of star-shaped and linear polystyrenes as model systems for this investigation.
Results and discussion
In order to understand how 2D chromatography might be used for the separation of linear and branched polymers we assume to have a mixture of such species. For each elution volume in SEC we might find two different molecular species, a linear fraction of lower and a branched fraction of higher molecular weight (left side in Fig.  1 ). The molecular weights of the different species can be found from the calibration curves of the respective structures. If in a different mode of chromatography these coeluting species will elute at different retention volumes (in the right side of Fig. 1 a stronger retention of the branched species is assumed), then the separation of the heterogeneous fraction taken at a certain SEC elution volume will result in two peaks, one for the linear and one for the branched species, respectively. The first objective of the present investigation was therefore to find suitable chromatographic conditions which result in a sufficient shift between the calibration curves relative to SEC. The SEC calibration curves of the star polymers having different arm molecular weights were established first. In order to obtain star polymers having a low polydispersity in terms of arm number, gradient HPLC was used to analytically separate stars of different functionality. Fig. 2 shows a gradient separation of a star polymer having an arm molecular weight of 4800. With increasing elution time the resolution of the different peaks becomes poorer. However, up to 17 different species can be clearly identified. b) f peak : arm number at peak maximum. f peak = M peak /M n,arm . c) Obtained from relative area of RI signal.
The different species were assumed to be star polymers having different numbers of arms. Multiple injections of the crude star mixtures allowed the collection of fractions of sufficient amounts for the subsequent characterization by SEC and SEC light scattering. The results of these measurements were used to analyze the SEC elution behaviour of the different stars. Fig. 3 shows the molecular weight at peak maximum of the RI signal as a function of the fraction number. It can be seen that for the particular sample, the molecular weight increases linearly by 5100 for each subsequent fraction, which is in good agreement with the peak molecular weight of the precursor of 4800. The different species can be assigned unambiguously to stars having different number of arms. The good agreement between the expected and experimentally determined molecular weights might by difficult to understand given the coelution of different peaks in Fig. 2 . As will be shown below, gradient chromatography separates according to molecular weight. Thus, coeluting fractions will have different number of arms, but identical molecular weight. Therefore the effect of coelution on the determined molecular weight will be substantially reduced. In addition, coelution becomes more pronounced the higher the arm number. But as the arm number increases the relative molecular weight difference of neighbouring and therefore overlapping peaks become smaller. As results the effect of coelution on the determined molecular weight decreases with increasing arm number. Separations of star polymers into fractions of well defined arm number become more difficult the higher the molecular weight of the arm. However, up to 9 different species could be separated when the arm molecular weight was 11 000. For higher arm molecular weights individual peaks for the different structures could not be obtained.
In these cases, fractions were taken at various elution volumes across the peak of the star polymer and analysed by SEC-MALLS. Using this procedure we ignored the slight heterogeneity of topology and molecular weight for the slices. Since the elution volume and the molecular weight from the SEC-MALLS analysis is known for each fraction, it was possible to construct SEC calibration curves for star polymers of different arm molecular weight. Fig. 4 compares the calibration curves of star polymers having different arm molecular weights to a calibration curve constructed using linear polystyrene standards. It becomes clear that the use of the standard calibration curve significantly underestimates the true molecular weights of the star polymers. For a given arm length the deviation between the true and the apparent molecular weight increases with the molecular weight of the star, i.e., with increasing number of arms. From Fig. 4 it is possible to relate the molecular weight of a linear polystyrene having the same elution volume to each molecular weight of a star polymer having a given arm length. We will use this correlation below to characterize the elution behaviour of star polymers under gradient conditions. As already stated, LAC and LCCC are two additional modes of polymer chromatography beside the well known SEC. In order to separate star polymers and linear polymers according to Fig. 1 we have to find the chromatographic mode which can be combined with SEC in a 2D experiment. For linear homopolymers it is known that gradient chromatography results in a molecular weight independent elution under certain conditions [26, 27] . Therefore we investigated the effect of polymer architecture on the elution behaviour in gradient chromatography. In order to do so, a temperature gradient was developed which resulted in a sufficiently strong retention and thus a sufficient separation of all star polymers synthesized. This temperature gradient was used as first dimension and all fractions of this separation were injected into the second dimension of our on line 2-dimensional chromatographic system. The second dimension was run under SEC conditions for polystyrene and was first calibrated using linear polystyrene standards. Each star polymer fraction transferred from the first dimension resulted in a SEC chromatogram, which could be evaluated using the previously established polystyrene calibration curve. Since for a given arm molecular weight the relation between the true and the apparent molecular weight is given in Fig. 4 , it was possible to assign to each gradient retention time the true molecular weight of the star polymer. The elution volume versus molecular weight calibration is shown in Fig. 5 . It becomes clear that all curves follow a common line within the experimental error. The only exception is the curve for the lowest arm molecular weight of M peak , arm = 4800. The reason for this deviation is not yet clear.
Since a given molecular weight of the star polymer corresponds to a different number of arms, depending on the arm length, no significant effect of polymer topology becomes visible under these conditions, i.e., star polymers above a certain arm molecular weight elute in the order of increasing molecular weight in gradient chromatography. Assuming a molar mass dependent and therefore topology independent, elution in gradient chromatography a 2D experiment on a mixture of linear and star-shaped polymers should result in a separation into a linear and a star-shaped fraction according to Fig. 1 . We therefore prepared mixtures of the star polymers with a polydisperse polystyrene (M w = 112 000, D = 5.1, as determined by conventional SEC) and performed on-line 2D experiments on these mixtures. The result of the on-line 2D separation for the star having an arm molecular weight of 4800 is given in Fig. 6 . The abscissa shows the retention volume in the second dimension (SEC), while the ordinate corresponds to the elution volume in the first dimension (temperature gradient chromatography). Two different regions of elution can clearly be distinguished. According to the argumentation above the higher SEC elution volumes have to be assigned to the star polymers, since these should exhibit at the same molecular weight (gradient retention) a smaller dimension in solution, i.e., a higher SEC retention volume. Extrapolation over the peak maxima of the different fractions merge at an elution volume of approximately 21 ml. This elution volume corresponds to a linear polystyrene of molecular weight 13 500. Since the arm molecular weight of the star is 4800, the deviation of the star retention curve from that of the linear one is in rather good agreement with the expected molecular weight of the first branched species. This result clearly shows that the concept of separating linear and branched species by 2-dimensional chromatography, as given in Fig. 1 , works. Experiments to separate linear and star-shaped species of higher arm molecular weights by on-line 2D chromatograpyh failed. Since there is no general reason why the given separation strategy should fail for higher molecular weights it is assumed that the failure might be due to an insufficient SEC resolution. In addition it can be observed from Fig. 5 that the star polymer with an arm molecular weight of 4800 shows a stronger retention than all other star polymers at a given molecular weight. Thus, the 2D experiment with mixtures including this particular star polymer is expected to result in a better separation than that for star polymers having a higher arm molar mass. Attempts to yield 2-dimensional separations of higher molar mass species using a SEC setup having higher resolution are currently in progress. 
Experimental part

Synthesis of star polymers
Star polymers were synthesized by cross linking living polystyrene anions with divinylbenzene (DVB) in cyclohexane solution [28] [29] [30] . Due to the synthetic approach used, the stars prepared were heterogeneous with respect to the number of arms, while the polydispersity of the arms was low.
Reagents
Nitrogen (5.0-grade Linde, Germany) was dried by bubbling through a solution of butyllithium (BuLi) in toluene which contained a small amount of diphenylethylene as an indicator. Divinylbenzene (DVB, assay: 80%, Aldrich) and styrene were dried over calcium hydride and distilled into a flask equipped with a teflon stopcock. The flask was closed and stored under nitrogen at low temperature until use. Prior to the polymerization the monomers were further condensed into a liquid nitrogen cooled glass ampoule which prior was heated in vacuum using a heat gun. sec-BuLi (Aldrich) was used as received. Cyclohexane was purified by distillation from calciumhydride and stored over diphenylhexyllithium (DPHLi) in inert atmosphere. The red colour of the DPHLi indicated the absence of oxygen and other impurities. Prior to the polymerization the solvent was condensed directly into the monomer and initiator ampoules. The concentrations were determined gravimetrically by weighing the ampoules before and after condensation.
Polymerization
Reagent handling and polymerizations were carried out under pure nitrogen atmosphere using high vacuum techniques or a glove box. The reactor was equipped with the ampoules for the monomers and initiator. After applying high vacuum the reactor was dried using a heat gun. The appropriate amount of styrene in cyclohexane solution was added to the clean reactor. Polymerizations were carried out at styrene concentrations of about 25 g/l. The polymerization was initiated at 40°C by quickly adding the calculated amount of initiator. The occurrence of a yellow-orange colour indicated the formation of polystyryllithium. The reaction was stirred for additional 2 h at 40°C. A small amount of the precursor was withdrawn and terminated with methanol for subsequent characterization.
For the cross linking reaction the DVB solution in cyclohexane was added to the living polystyrene solution. Upon DVB addition the solution instantaneously turned into red indicating the polymerization of DVB. After 30 min the polymerizations were terminated with degassed methanol.
Characterization
To obtain star fractions with narrow molecular weight distributions HPLC fractionations were mostly performed on a modular HPLC system consisting of Shimadzu degasser DGU 14A, low pressure gradient former FCV10ALVp, HPLC-pump LC10ADVp, autosampler SIL10ADVp, Techlab K4 column oven, Thermo Separations UV 2000 UV-vis and PolymerLabs ELS1000 evaporative light-scattering detector. For data acquisition PSS WINGPC version 6 was used. A reversed phase-column was used for the separations (Nucleosil, C18, 5µ, 300 Å, 25x0.46 cm, Macherey&Nagel, Düren, Germany). Solvent gradients were formed by acetonitrile/THF (AN/THF) mixtures starting with a THF content of 35% and ending at a THF content of 51%. Gradient shapes were adjusted to the molecular weights of the arms in order to optimize separations. In case of temperature gradients THF/AN (50/50) was chosen as the eluent. The temperature program of the column oven is given in the respective figures.
For the online 2D experiments the detectors in the HPLC setup were replaced by an 8 port 2 position transfer valve (Valco, Swizerland), which acted as the injector for the second dimension (SEC). The valve was equipped with two 200 µl sample loops. Care was taken to assure that both loops had identical volume. The setup of the SEC dimension consisted of a TSP P100 isocratic pump, the aforementioned transfer valve, 2 PSS high speed SEC columns (10 4 and 10 5 Å, 5 µm, 5x2 cm each) and the UV-detector. SEC in the second dimension was performed using THF as the eluent at a flow rate of 6 ml/min, which allows completing a SEC separation within less than 5 min. Valve control and 2D data acquisition was performed by PSS-WinGPC. Fig. 8 . Schematic setup for online 2D experiments [31] SEC analysis on a high resolution column set was performed in THF at a flow rate of 1 ml/min using a SEC equipped with Waters 510 pump, TSP AS100 autosampler, Waters 486 UV detector operated at 254 nm, Wyatt Technologies DAWN EOS lightscattering detector and Waters 410 refractive index (RI) detector. A column set of three columns (PL-Gel mixed B, mixed C, mixed D 30x0.8 cm each) was used.
For conventional SEC experiments toluene was used as an internal flow marker, to correct for flow rate fluctuations. SEC-calibrations were performed using PS standards (PSS Polymer Standards Service GmbH, Mainz, Germany). Data acquisition and evaluation was performed using PSS WINGPC Software.
For data acquisition and evaluation of SEC light-scattering experiments Astra version 4.73 (Wyatt Technology, Santa Barbara, USA) was used. The light-scattering instrument was calibrated using pure toluene assuming a Rayleigh ratio of 9.78·10 -6 cm -1 at 690 nm. The injection volume of the fixed autosampler loop was determined gravimetrically to be 118 µl by filling the loop repeatedly with distilled water. A refractive index increment of 0.184 cm 3 /g determined at 633 nm was used [32] , neglecting the 60 nm difference to the wavelength of the light-scattering instrument.
Typical sample concentrations for SEC-analysis were in the range of 0.5 -5 g/l depending on molecular weight, polydispersity and scattering intensity. In crucial cases several concentrations were injected in order to control that overloading effects do not influence the results.
